Automated immunonephelometric assays were developed to measure human IgG subclasses in serum, on the Beckman Array Protein System (APS R ) , with sheep antihuman IgG subclass antisera. The interassay imprecision was judged to be satisfactory in each case (CV: IgG 1 : 2·30/0; IgG 2 : 2·9%; IgG 3 : 4·0% and IgG 4 5 ·40/0). The standard curves were found to be linear in the ranges 1· 5-30·0 giL for IgG 1 , 1·5-15·0 giL for IgG 2 , 0·1-1·0 giL for IgG 3 and 0·1-1·0 giL for IgG 4 • The lower limit for quantification of the immunonephelometric assays was 0·50 giL for IgG 1 , 0·04 giL for IgG 2 , 0·06 giL for IgG 3 and 0·03 giL for IgG 4 • We found no antigen excess to at least 6O·0g/L for IgG 1 and IgG 2 , 3·5 giL for IgG 3 and 2·0g/L for IgG 4 • Nephelometric results correlated with those of radial immunodiffusion (r=O·96 for IgG 1 , r=O·93 for IgG 2 , r=O·9Q for IgG 3 and r=0·96 for IgG 4 ) .
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In 1964, four subclasses of human IgG, IgG 1 , IgG 2 , IgG 3 and IgG 4 were identified, based on both antigenic and physicochemical differences. ' Measurement of IgG subclasses in human serum is of interest in evaluation of patients, especially children, with recurrent pyogenic infections/ or other symptoms of immunodeficiences.? atopic diseases and certain respiratory disorders. 4 Radial immunodiffusion (RID) usingprecipitating antiserum was the first method applied to the quantification of IgG subclasses.! RID is simple but time consuming and also very expensive because of the amount of antiserum required."
IgG subclasses have also been measured by solid phase immunoassays utilizing either radioimmunoassays or ELISA.? These techniques are more sensitive than RID but are still expensive.
Nephelometric quantification of the IgG subclasses in serum has been reported using Correspondence: Dr M Pressac. polyclonal antisera on the manual Immuno Chemistry System (ICS; Beckman Instruments)." In each of these assays, the subclass reacts with its specific antibody in a buffer, and the change in the intensity of scattered light by the resulting immune complexes in suspension, is related to subclass concentration.
In our study, we used the Beckman Array Protein System (APS). We were interested to develop IgG subclass assays as the instrument specifications make the system very suitable for such application. With a small sample volume (80!-'L for IgG and IgG subclasses) the system is able to run up to 20 chemistries for each serum sample dispensed on one sample wheel position. Every step of the assay is fully automated, from sample dilution to result print-out. Finally, imprecision is minimized (typical CV < 5%) as it is the case with many fully automated systems.
We compared results obtained with the nephelometric assays using polyclonal antisera, with those measured by radial immunodiffusion (RID).
MATERIALS AND METHODS

Immunonephelometric assay (INA)
Apparatus
Array Protein System nephelometer (Beckman Instruments, Brea, CA, USA) with computer enhanced Remisol UPC software (Normand Informatique Society, Arras, France) was used. Parameters necessary to run user prepared chemistries (UPC) are stored in the computer memory and then, UPC can be run simultaneously with the Beckman's specifically dedicated chemistries for this instrument. For increased throughput, the analyser utilizes two optics and two flow cells. Procedures Table 1 summarizes the protocol for the calibration curves. This procedure represents a modification of the standard procedure: a precise volume of calibrator was dispensed in median or internal wells of APS segments. The dilutions were made in apodiluent (reagent line 9). Gain 33 produced the best signal amplification for IgG] , IgG 3 , IgG 4 , and gain of 44 for IgG 2 • After, the instrument was calibrated, 80 iLL of controls or samples were dispensed in the middle wells of the dilution segments on the Array, to be assayed from an automated instrument dilution of 1 : 1296 (lgG) , IgG 2 ) or 1 : 36 (lgG 3 , IgG 4 ) . In addition, a minimum volume of 150 iLL of diluent must be installed in the external wells of the dilution segments. Using these dilution schemes, sample predilutions were performed as follow: 20 iLL of diluent was picked up from the external well by the sample probe and dispensed into the middle well with 700 iLL of apodiluent. Thus, the 80 iLL of serum sample contained in the middle well was diluted in the ratio 1 : 10. Later, the sample probe picks up 100 iLL of this solution, which is dispensed into the internal well of the dilution segment with 500 iLL of apodiluent to provide a final 1 : 60 dilution ratio. In such a scheme, using a 1 : 36 instrument programmed dilution, the true sample dilution will be 1: 10, and consequently For each subclass type, within-run imprecision was assessed by replicate analysis of three different pooled sera, and between-run imprecision by analysing The Binding Site liquid quality control serum during a 5 week period.
Reagents
The specificity of the polyclonal anti-IgG subclass antisera was verified using eight myeloma proteins obtained from The Binding Site (four x light chains and four >.. light chains). These proteins were purified by ion exchange gel filtration and affinity chromatography as appropriate. They are supplied in I mL of PBS buffer pH 7-4 at greater than 95070 purity. The total protein concentration was I mg/mL as measured by absorption at 280 nm. Isotype and light chain type was determined by immunoelectrophoresis or immunofixation.
The detection limits of the techniques were evaluated from 30 reagent blank measurements (apodiluent as sample) in the presence of each anti-IgG subclass antiserum and calculating the mean + 3SD of these measurements.
The antigen excess limit was investigated by preparing serial dilutions of the human serum standards (Binding Site) with high IgG subclass concentrations.
Linearity was examined with serial dilutions of samples containing 6-25, 12·5,25,50 and 75070 of the original concentration.
Serum specimens used in our correlation studies were obtained from 50 children aged between I and 15 years; they were attending the Department of Chest Medicine of our hospital as ambulatory outpatients. All samples were stored frozen in aliquots at -20°C until assayed.
Normal values for IgG subclasses were established by measurement of IgG subclass concentrations in sera from 85 healthy children aged 10 months to 15 years. The children under 4 years were participants in a health examination at the Childhood Health Center. The study was approved by the regional medical ethics committee.
Radial Immunodiffusion (RID)
For the RID determination of IgG subclass, commercial plates (lg subclass kit The Binding Site, Birmingham, UK reference RK021) and a human serum standard (The Binding Site) were used. With the diluent provided, we diluted sample or standard serum lO-fold for IgG I and IgG 2 while IgG] and IgG 4 were used undiluted.
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Five microlitres of sample or standard was added to the wells and the gel plates were incubated for 3 days at 25°C. The diameters of the ringshaped precipitates were measured using an immunodiffusion reader.
Statistical analysis
Student's t-test for paired samples and linearregression analysis were carried out with the Statview program on an Apple Macintosh Computer.
RESULTS
Assay characteristics
In preliminary experiments, we determined the appropriate antigen and antibody optimal dilutions. In order to be able to run the four assays from the same sample cup with fully automated measurements, it was established that the best antibody dilution was I : 2 for each test; lyophilized antisera is reconstituted by 3 mL of diluent instead of 1-5 mL as recommended by the manufacturer.
For each subclass, the calibration curve was prepared by measuring serial dilutions of standard serum (The Binding Site) in apodiluent. Graphs of IgG subclass concentration versus rate signal produced sigmoidal curves in the ranges between 1·5-30 0 0 g I L for IgG 1 (Fig.la Calibration curves were stable for more than I week, compared with the manufacturer's recommended interval of 7 days. Over I month, inter-calibration CV ranged from 3070 to 13070 for all calibration points. This stability was achieved by dilution of antiserum with Beckman diluent (phosphate-buffered saline).
For the development of any nephelometric or turbidimetric application, the choice of the diluent is important. Depending of the sample dilution ratio to be used diluents such as PBS (Beckman diluent) or particular ones including PEG or detergents, can be chosen. In the case of IgG] and IgG 4 using a I : 10 dilution ratio, and a I : 150 sample final dilution in the flow cell, in the presence of PEG (44 giL) in the reaction buffer, non-specific reactions can occur, represented by a scatter signal that increases versus time before and after antibody addition. In such cases, the system cannot discriminate between the specific signal due to precipitation of antigen-antibody complexes and the nonspecific one between serum and PEG.
The use of the Beckman apodiluent, that contains both PEG and detergent, is indispensable for such applications, as it eliminates within the sample predilution step, high molecular weight components that interfere during measurements. This diluent, necessary for IgG 3 and IgG 4 can also be used for IgG I and IgG 2 without problems. An example of light scattered signal is shown for a sample with low IgG 4 concentration diluted either in PBS or apodiluent (Fig. 2) . In PBS a non-specific reaction can be observed which is not stabilized before the addition of the antibody.
Imprecision
Data obtained for within-run and between-run imprecision are shown in Table 2 . Table 3 demonstrates the specificity of the polyclonal anti IgG subclass reagents in INA. Values are underestimated for IgG 1 , IgG 2 >.. light chain and overestimated for x light chain. On the contrary, isotypes IgG 3 and IgG 4 are overestimated whatever the light chain type. We emphasize the absence of signal in any of the subclasses other than the subclass of the myeloma protein.
Specificity
Measuring ranges
Detection limits of 0·14 giL were found for IgG 1 , IgG 2 and 0'02g/L for IgG 3 
and IgG 4 •
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These values for non-specific scatter corresponded to rate units signals which remained below the lowest point of the calibration curves.
Measurements could be made up to 60 giL for IgG[ and IgG 2 , 3· 5 giL for IgG 3 , and 2 giL for IgG 4 without encountering conditions of antigen excess; the message 'excess scatter' appeared automatically for IgG 2 concentrations between 18 and 60 giL and for IgG 3 concentrations between 1-2 and 3-5 giL: in these conditions, samples are further diluted and re-analysed.
To estimate immunoglobulin deficiencies, we prepared other automatic programmed dilutions of the control and samples corresponding to 1 : 216 for IgG[ or 1 : 36 for IgG 2 (final true dilutions: 1: 60, 1: 10) amd we increased the sensitivity for IgG 3 , IgG 4 assays by using a gain 44 instead of gain 33. So we concluded that levels as low as 0-50 giL for IgG 1 , 0-04 giL for IgG 2 in paediatric samples, 0 -06 giL for IgG 3 and 0-03 giL for IgG 4 , could be measured with acceptable precision (5 '4070,7%,5 '8%,4-9% for Gl, G2, G3 and G4, respectively). Sometimes, there was a slight discrepancy between the two methods but there were discrepancies in which the proposed assay would have classified a patient as IgG subclass deficient while the RID assay would have classified the patient as normal. In many sera, IgG 2 subclass concentrations, by RID, were found to be higher than those obtained by INA.
Linearity
Linear relationships found between expected
One requirement for an accurate IgG subclass determination is that summation should be equivalent to the total IgG values, although the value of this is limited in view of the fact that the contribution of IgG I and IgG 2 to total IgG amounts to more than 90%. Total IgG in individual patient sera was assessed by rate nephelometry on the Beckman Array with anti-IgG serum from The Binding Site and compared with the sum of the IgG subclasses. A highly significant correlation (P < 0·000 I) between total IgG determination and the sum of the IgG subclasses was demonstrated (Fig. 3 ).
Reference ranges
Reference ranges were established across a normal group of 85 children aged from 10months to 15 years as shown in Table 4 . 
DISCUSSION
Development of the assay protocol was facilitated by an analysis of the published nephelometric assay of serum Lp(a).10 The use of the Beckman apodiluent which contains both PEG (20 giL) and detergent is absolutely necessary to avoid the non-specific reactions that occur in the first step of the reactions. Its use permits specific measurement of the signal generated by IgG subclasses precipitation. Any scattering background present before the commencement of the reaction is eliminated and does not contribute to the subsequent measurement of light scatter produced from the immunoprecipitin reaction.
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The accuracy of the assay was evaluated by two approaches. First, our results are in good agreement with those obtained by RID and, second, the sum of the concentrations of all four IgG subclasses correlate with the concentration of total IgG determined on the APS and the difference between these values was not more than 18070.
In the evaluation of assay specificity, the detected concentration of myeloma proteins varied from the assigned value in all subclass assays, although concentrations of these proteins were adjusted to the same concentration by their absorbance. In our experiment, the IgG 2 assay showed the largest variation, which is mostly associated with the light-chain isotype: so polyclonal antibody to IgG 2 has a higher detection efficiency for IgG 2 x than for IgG 2 A: in spite of the small number of tested myeloma proteins these results seemed comparable to those seen by others using monoclonal antibody HP 6008. 11 The other subclasses show small variations and are not subjected to crossreactivity. In IgG I preparations, low levels of IgG 2 , IgG 3, IgG 4 were recorded. The data presented in this study demonstrated that INA with polyclonal antibodies is available for reliable assessment of IgG subclasses: on the contrary, Jefferis et al., 12 reported that polyclonal antisera, for quantitative analysis of the human immunoglobin classes, are generally of low titre and of doubtful specificity for analysis of the IgG subclasses.
One important clinical indication for the quantification of human IgG subclass proteins in serum is the diagnosis of selective and total IgG subclass deficiencies. Historically, RID was the first method applied to the quantitative measurement of each IgG subclass protein in serum but its sensitivity was limited. For a paediatric population, the more suitable technique for the detection of IgG subclass deficiencies is enzyme linked immunosorbent assay with sensitivity varying from 2 to 20/Lg/L,13 but with major drawbacks is relative high cost, the difficulty of precision in the preparation of the required large serum dilutions, and sometimes cross-reactivities." In our nephelometric assays, the diagnosis of IgG subclass deficiency is based on values which are below the fifth percentile of the age-related reference range." For IgG 4 , an objective definition of deficiencies of this isotype is very difficult, as in many young children IgG 4 is often undetectable. So, for some authors, only undetectable IgG 4 levels observed together with definitely low IgG 2 levels are considered as IgG 4 deficiencies. 16 In addition, low concentrations of IgG subclasses should be interpreted with caution before the age of 2 years because of the late maturation of IgG 2 and IgG 4 immunoglobulin concentrations and antibody responses. I? Therefore, for each particular subclass assay, and each methodology, investigators must determine age-specific reference limits by using sera from healthy children;" the normal limits established for one assay may not apply to others.
In conclusion, these nephelometric techniques are precise and permit the assay of IgG subclasses over a wide range of concentration in standard conditions. Contrary to the recommendation by the manufacturer, the IgG subclass antisera reconstituted with 3 mL of Beckman diluent are more stable and moreover allow twice the number of assays, and so a lower cost per test. The speed of assay, the reduced requirement for skill and experience in operation and the need for only 80 ILL serum sample for running all 4 assays and total IgG from the same cup, make these rate immunonephelometric applications a more useful tool than RID for the determination of IgG subclass concentrations in routine analysis.
